A rat whole embryo culture system was used to study the 
Fink, Shepard and Blandau first reported in 1967 that nitrous oxide was teratogenic in rats [1] . Since then, many studies have indicated that continuous exposure to 50% or more nitrous oxide for 24 h on either day 8 or 9 of gestation results in increased incidences of fetal wastage, and skeletal and visceral abnormalities in fetuses examined at near full term [2] [3] [4] [5] [6] [7] [8] [9] [10] . Recently, we have been developing an in vitro rat model to investigate the mechanisms of nitrous oxide teratogenicity which cannot easily be determined using an in vivo model. We reported previously studies of day 10 embryos exposed to a single concentration of nitrous oxide [11] . Although useful for establishing the methodology, day 10 embryos are of limited use for studying the teratogenic effects of nitrous oxide [3] . Our primary aim in the present study was to apply the whole embryo culture model to day 9, when embryos are known to be sensitive to the effects of nitrous oxide in vivo. Other aims were to establish the types of morphological abnormalities produced by nitrous oxide and their dose-response relationships.
MATERIALS AND METHODS
Sprague-Dawley rats were obtained from a breeder (Hilltop Lab Animals, Scottdale, Pennsylvania), housed two per cage and provided with food and water on demand. Temperature in the animal room was maintained at 21-24 °C and artificial lighting was provided between 06:00 and 18:00 each day. Pregnancy was achieved by mating the rats for 2 h between 08:00 and 10:00. A copulatory plug was sought immediately after mating, and when found, day 0 of gestation was recorded.
The general methods that we used for removing and culturing embryos were described by New [12] . Briefly, at 08:00 on day 9 of gestation (presomite stage), the rats were killed with carbon dioxide and their uteri excised immediately. Individual implantations consisting of egg cylinders surrounded by decidua were harvested into a sterile Petri dish containing Hank's balanced salt solution. The decidua was dissected from each egg cylinder under a dissecting microscope. Embryos at various stages of culture are shown in figure 1 been included for comparison. Reichert's membrane was removed from the egg cylinder starting from the side opposite to the embryonic disc after the ectoplacental cone and roof of the ectoplacental cavity had been excised [13] . Three to five embryos were placed in a single glass culture bottle (60-ml volume) containing 0.5 ml/ embryo of heat-inactivated (56 °C for 30 min), immediately-centrifuged, pregnant rat serum; penicillin 100 u ml" 1 and streptomycin 50 ug ml" 1 were added to each bottle to prevent bacterial growth. Bottles were flushed for 2 min with a premixed gas containing 0% (control), 5%, 25% or 75% nitrous oxide in 5% oxygen, 5% carbon dioxide and the balance nitrogen. Bottles were capped with rubber stopcocks and rotated at 20 r.p.m. in a 37-38 °C incubator (09:00). After 24 h, all bottles were flushed with a gas mixture of 5 % oxygen, 5 % carbon dioxide and 90 % nitrogen. Bottles were reflushed with a gas mixture of 20 % oxygen, 5 % carbon dioxide and 75 % nitrogen at 12:00 on day 10 (additional 1.0 ml/ embryo of non-pregnant female rat serum was added), and with a gas mixture of 95 % oxygen and 5% carbon dioxide at 07:00 on day 11. Oxygen concentrations need to be increased during culture because of the steady increase in oxygen demand of embryos as they age [12] . Oxygen, carbon dioxide and nitrous oxide concentrations were monitored before and after each change of atmosphere using a Datex 254 airway gas monitor (Datex Medical Instrumentation, Inc., Tewksbury, Massachusetts). At 10:00 on gestational day 11, culture was terminated and embryos were examined for crown-rump length, somite number and gross morphology, including sidedness of the allantoic placenta, tail and heart (bulboventricular loop). Embryos were frozen in sodium phosphate buffer 0.1 mol litre" 1 (pH 7.4) and their protein content measured later [14] .
Groups were compared statistically using the chi-square test for discontinuous variables; oneway analysis of variance for continuous variables with Student's t test was used as a post-hoc test. P < 0.05 was considered significant.
RESULTS
Treatment with nitrous oxide resulted in embryos with smaller crown-rump length, somite number and protein content in the 25 % and 75 % nitrous oxide groups compared with those in the control group (table I). An increased incidence of altered body laterality and malformations was observed only in the 75 % nitrous oxide group (table I) . About 30% of embryos had some laterality change, mainly inverted heart (table I). Of 12 embryos with malformations in the 75 % nitrous oxide group, five had normal body but small head size (fig. 2B) ; three of these had pairs of fused somites. The other seven embryos were both small in size and had severe malformations ( fig.  2c ). 
DISCUSSION
In the present study, we have demonstrated that rat embryos grown in culture are susceptible to adverse effects of nitrous oxide administered on day 9 of gestation. Effects were more frequent and more severe than those observed previously after day 10 exposure [11] . This pattern of sensitivity is similar to that seen in vivo [3] . The concentrations of nitrous oxide required to produce significant effects were also similar to those required in vivo [3, 7, 8] . In particular, the morphological abnormalities and altered body laterality occurred only at the 75 % concentration, as they would after in vivo exposure. In contrast, mild growth retardation identified by decreased somite number, crown-rump length and protein content occurred even at a concentration of 25 %, which produces neither teratogenesis nor growth retardation in vivo [7, 8] . Presumably growth catches up by gestational day 20 when fetuses are examined after in vivo exposure.
It is important to understand the general limitations of whole embryo culture when interpreting our data. First, only a portion of the period of gestation (routinely, days 9-11) can be studied satisfactorily. For some teratogens, this may not be the period in which abnormalities are produced. For nitrous oxide, however, embryos are especially sensitive on day 9. Another consequence of this limited experimental period is that the fate of embryos with morphological and biochemical changes observed after culture may be uncertain. In the present study, embryos with minor morphological abnormalities would probably survive and their teratogenic effects be revealed. For example, those observed on day 11 with fused somites would be observed as having rib or vertebral abnormalities at full term. Many of those with major morphological abnormalities, however, would not survive and would be seen as resorptions at full term. Most embryos with altered body laterality (left-sided tail and inverted bulboventricular loop) were normal in size and general morphology and would probably survive until full term when their situs inversus would be revealed. A second limitation for many teratogens is that it may be necessary for them to be metabolized in the mother before they become teratogenic. This is not the case with nitrous oxide because it is not metabolized by mammalian tissues. Furthermore, its only known biochemical reaction, oxidation of vitamin B 12 , is non-enzymatic and is independent of the immature enzyme system of the embryo. Finally, pharmacokinetic differences between exposure of embryos in utero and in culture may be considerable for many teratogens. Again, this is unlikely to be important for nitrous oxide because it is a highly lipid soluble compound that equilibrates rapidly throughout all tissues.
Although our day 9, in vitro model has limitations, it also has some advantages over the in vivo model. First, it enabled us to identify many direct effects of nitrous oxide on developing embryos. This does not preclude the possibility that maternally-mediated effects occur also, but probably limits them to a minor role. Indeed, we have speculated previously that decreased uterine blood flow caused by sympathomimetic action accounts for some of the adverse reproductive effects caused by nitrous oxide [15] . Our finding that phenoxybenzamine did not prevent the morphological abnormalities produced by nitrous oxide, although it should have prevented the decreased uterine blood flow, is consistent with the minor role played by maternally-mediated effects [15] . A second advantage of the in vivo model is that it may enable investigators to control experimental conditions closely during embryonic development in a manner not possible in vivo. This advantage is critical for future studies on the mechanisms of nitrous oxide-induced teratogenicity, such as the relative contribution of adrenergic stimulation and methionine synthase inhibition. These studies should provide insight into such fundamental developmental processes as body laterality.
